and Mn 2+ in slurry on the characteristics of calcium sulfate dehydrate (DH) in flue gas desulfurization (FGD) process were investigated. The moisture content, particle size distribution, and crystal morphology were considered as end use characteristics of DH. As a result, the number of needle-like DH crystals was increased with increasing total contents of MgCO 3 , Al 2 O 3 and Fe 2 O 3 in limestone. Cl -ions were reported to distort the crystal structure and change the crystals from orthorhombic to irregular. Mn 2+ can increase the desulfurization efficiency by catalyzing the oxidation of SO 2 . Finally, Fe 3+ will inhibit crystal growth of all faces, except {011} and {1 -11}.
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Hence, this study investigated the influences of limestone, Cl -, Fe 3+ and Mn
2+
, on desulfurization efficiency and DH product quality in a lab-scale FGD system. Great efforts were devoted to optimize the characteristics of DH and increase FGD gypsum utilization rate in engineering application. The DH with low moisture content, concentrated PSD, and plate-like morphology is desired.
EXPERIMENTAL
Chemicals and materials N 2 (purity >99.9%), O 2 (purity >99.9%), and SO 2 (purity >99.99%), used in the study were purchased from Shanghai Shenkai Gases Technology Co., Ltd. (Shanghai, China). Analytical pure CaCO 3 , CaCl 2 , HCl, Fe 2 (SO 4 ) 3 and MnSO 4 ·H 2 O were supplied by Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Limestone 1, Limestone 2 and Limestone 3 were supplied by R&D Center, Shanghai Oriental Enviro-Industry Co., Ltd. (China). All solutions were prepared from deionized water.
The gas composition was measured by using a Testo 350 gas analyzer, and the pH of the solution was monitored by using a BANTE 901b pH meter. The PSD analysis was measured by using a LS-POP (VI) laser particle size analyzer, the crystal morphology structure was observed by using a SEM Quanta 250 scanning electron microscope, and the components of limestone were determined by using a XRF-1800.
Experimental setup and procedure
The bubbling experiment is often used in the laboratory to simulate the limestone-gypsum wet FGD process [13] [14] [15] [16] . Experiments were carried out in a closed, 2 L volume, flat-bottom glass reactor with a thermostatic jacket (4), a gas inlet (6) and an axial two blade stirrer (5) . A sketch of the experiment is shown in Figure 1 . Figure 1 . Sketch of bubbling experimental setup used to simulate wet FGD (arrows show gas and liquid flow directions); 1. rotameter, 2. valve, 3. bubble reactor, 4. thermostatic jacket, 5. digital mixer, 6. gas inlet, 7. slurry circulating tank, 8. thermostatic water bath, 9. peristaltic pump, 10. flue gas analyzer, 11.
computer, 12. NaOH solution.
Artificial flue gas, which consists of 21% O 2 and 1500 mg/m n 3 SO 2 , was bubbled into the reactor at a flow rate of 1.05 m n 3 /h. The flue gas composition was adjusted by rotameters (1) and measured by using a Testo 350 gas analyzer (10) . Between the adjustment of the flue gas composition and the bubbling of flue gas into the reactor, a peristaltic pump (9) was used to circulate the slurry at a flow rate of 270 mL/min. The experiments were performed at 323 K. Fe 3+ and Mn
2+
were added in the form of sulfate salts, and Cl -were added in the form of calcium salts.
At the beginning of each experiment, 20 g limestone was added into the reactor with 980 mL deionized water. During the bubbling experiment, the off-gas composition and pH value of the slurry were monitored and controlled consistently. The desulfurization efficiency was determined at pH 5.5±0.1. When the pH value of the slurry dropped to 4.6±0.1, the bubbling reaction was stopped. The slurry after the reaction should be maintained in oxidation for 24 h to ensure that the concentration of SO 3 2-was below the detection limit. Then, the slurry samples were taken for analyses of moisture content, PSD, and crystal morphology.
Analytical methods
The four types of limestone were ground to 325 meshes (44 μm). The dry limestone was analyzed by using a XRF-1800 to determine the components.
The quality of produced gypsums was analyzed in the experiments. Moisture content, PSD and crystal morphology were the three targeted characteristics of FGD gypsum. The moisture content was analyzed with the help of a vacuum pump. A 100 mL slurry sample was compressed by suction filtration at 0.1 MPa for 10 min. Then, the moisture content was obtained by measuring the reduction of water at 313 K for 24 hours. The dried samples were stored in a dryer. The PSD was analyzed by using a laser particle size analyzer, and the crystal morphology was analyzed by using a scanning electron microscope. 1.0 mg dried samples were needed for PSD analysis and crystal morphology structure analysis, respectively.
RESULTS AND DISCUSSIONS

Selection of limestone types
In the limestone-gypsum wet FGD system, SO 2 removal efficiency and gypsum characteristics were directly related to limestone. The limestone's components change with the producing area. The major impurities of limestone were MgCO 3 , SiO 2 , Al 2 O 3 and Fe 2 O 3 [4, [17] [18] [19] . The data in Figure 2 indicated The investigation of the four types of limestone indicated that limestone components had significant effects on the moisture content of DH products and moderate effects on desulfurization efficiency (relevant data is shown in Figure 3a) . The desulfurization efficiency likely increased when the contents of CaCO 3 and MgCO 3 increased, and impurities had significant effects on the moisture content of DH products. Mg 2+ were reported to cause the elongation of crystals and reduced the growth rate of gypsum [5, 20] , while Al 3+ and Fe 3+ were reported to change the morphology from thin plates to thick crystals [5, 9] . Thus, Limestone 3 had the largest particle size and the highest total contents of MgCO 3 , Al 2 O 3 and Fe 2 O 3 , as shown in Figure  4 . The crystal morphology of Limestone 3 partly changed from plate-like (such as Limestones 1 and 2) to needle-like, as shown in Figure 4 .
The moisture content of gypsum was related to its particle size distribution and crystal morphology [7, 21] . Large and regular particles were better for moisture removal. Figure 4 shown that the moisture contents were similar, and the crystal morphology and particle size of Limestones 1 and 2 were not different significantly. The moisture content of Limestone 3 was higher than the Limestones 1 and 2 ( Figure 3a) because of the inhomogeneous morphology of gypsum crystals. Among the four types of limestone that were investigated, Limestone 4 had the highest moisture content because of the small and irregular gypsum crystals, with a D 50 of 12.71 μm. Thus, the free waters between gypsum crystals were not extracted by vacuum equipment easily.
In consideration of desulfurization efficiency and end use gypsum characteristics, Limestone 2 was selected as the best absorbent material for the following experiments. 
Influence of Cl -concentration
Chlorine ion is the highest content impurity in the FGD slurry. The chlorine ions come from fuel coal, limestone and supplemental water, with contents of approximately 0.1 and 0.01%, and 10-150 mg/L, respectively.
The chlorine ions dissolved into the slurry, thereby increasing the concentration of Ca 2+ and lowering the decomposition rate of CaCO 3 . As a result, the absorption rate of SO 2 was reduced.
In Figure 3b , when Cl -concentration increased to 5000 mg/L, SO 2 removal rate remained nearly constant, but when Cl -concentration increased up to 9000 mg/L, SO 2 removal rate declined evidently. Interestingly, a certain concentration range of Cl -was helpful to the combination of gypsum crystals through the formation of CaCl 2 ·6H 2 O. The Cl -ions [7] changed the DH crystals from being plate-like to elongated, as shown in Figure 5 . As a result, at a concentration below 5000 mg/L (Figure 6 ), the moisture content was decreased. However, Cl -exhibited a distortion effect on the crystal structure by increasing the induction period and retarding nucleation kinetics [10] . At a Cl -concentration of 9000 mg/L, the distortion influence was pro- minent. The crystal morphology changed from orthorhombic to irregular (Figure 5c ), the particle size reduced sharply, and specific surface areas increased, thereby increasing the moisture content. Therefore, the maximum limited content of Cl -in FGD slurry, for industrial application is 5000 mg/L.
Influence of Fe 3+ concentration
Fe 3+ is one of the major metal impurities in the FGD slurry. Fe 3+ was reported as a catalyst for the oxidation of SO 2 [22, 23] . The mechanism for the catalysis was shown in Eq. (2). Fe 3+ was combined with HSO 3 -, which was generated by the dissolution of SO 2 , to form a coordination compound of ferric sulfite. The coordination compound of ferric sulfite was quickly broken down to Fe 2+ and HSO 3 . After a series of reactions, the HSO 3 -changed to form SO 4 2-
Fe SO / HSO Fe SO / HSO ( 2 ) Figure 6a shows an obvious influence, which increased desulfurization efficiency, with the Fe 3+ concentration increasing to 200 mg/L. However, when the concentration was above 200 mg/L, the desulfurization efficiency declined rapidly. This condition was related to the pH of the FGD slurry, which remained at 5.4±0.2. In an acidic condition, Fe 3+ will agglomerate visibly, thereby reuniting the limestone particles and minimizing the contact area between limestone and liquid. SEM evaluation showed a flocculent aggregate on the surface of gypsum crystals at a high Fe 3+ concentration (Figure 7 ). In the meantime, the dissolution rate of limestone and removal of SO 2 was greatly reduced. Fe 3+ affected gypsum crystal significantly, as shown in Figure 8b . The PSD of gypsum crystals were widened (Figure 8) , and the crystal morphology become elongated and needle shaped (Figure 8b) [23, 24] . The mechanism for the catalysis is shown in Eqs. (3)- (6) data in Figure 6b indicate that the desulfurization efficiency and moisture content of gypsum increased with the increase in Mn 2+ concentration. The increased moisture content implied the deterioration of gypsum crystals; an evaluation of the SEM image and PSD of the crystals are shown in Figure 8 , respectively. Figure  8c shows that the presence of Mn 2+ gave rise to partly needle-like crystallites and a PSD of crystals that was wider than that in the presence of Fe . This finding was confirmed by the PSDs and SEM images.
The Mn 2+ concentration of FGD slurry in coal--power plants was about 30 mg/L. The Mn 2+ in the slurry should also be removed for optimizing the characteristics of DH. The Mn 2+ mainly came from fuel coal, so selecting fuel coal with low Mn 2+ content was an effective method.
CONCLUSIONS
The effect of slurry compositions on desulfurization efficiency and the characteristics of DH in the FGD process were investigated in this paper. In the FGD system, high desulfurization efficiency and low moisture content of gypsum were expected. This study will help coal-power plants in selecting raw limestone and in reducing the cost of the gypsums dewatering process. The results of this study can be summarized as follows:
-Limestone with a high CaCO 3 content and a low of MgCO 3 , Al 2 O 3 and Fe 2 O 3 content was the expected product.
-Cl -distorted the crystal structure by increasing the induction period.
- 
